In this research, the extraction of zinc from the blast furnace dust in the ammonia leaching system containing different leaching agents (NH 3 , (NH 4 ) 3 AC, (NH 4 ) 2 CO 3 , (NH 4 ) 2 SO 4 , NH 4 Cl) was investigated. Meanwhile, the effects of different total ammonia concentrations, ammonia/ammonium ratios, solid-liquid ratios, stirring speeds, and leaching temperatures on the extraction of zinc were studied. The results showed that ammonium sulfate was particularly effective and the extraction efficiency of zinc is up to 86.48% under the following conditions: total ammonia concentration of 5.0 mol/l, ammonia/ammonium ratio of 1:1, solid-liquid ratio of 1:5, temperature of 45°C, leaching time of 60 min, and stirring speed of 350 rpm.
Introduction
Industrial development has led to the generation of large amounts of industrial wastes during production processes, and blast furnace dust is a kind of hazardous industrial waste generated during iron production [1] [2] [3] . We can recover some metals such as zinc, copper, indium, and cadmium from blast furnace dust. Consequently, blast furnace dust is becoming economically viable as raw material in zinc metallurgy all over the world [4] [5] [6] . However, the dust consists of low content of zinc [7, 8] , and it is difficult to treat by conventional metallurgical techniques [9, 10] . Recent studies indicate that the leaching processes in an acidic system are prone to several drawbacks [11, 12] . For instance, a great deal of acid will be consumed during the leaching process due to the high content of Fe. However, the alkaline leaching system can solve the problem above. Liu et al. [13, 14] investigated in detail the use of an ammonia/ammonium salt solution as effective lixiviant for leaching of zinc oxide ores. This method avoids the deficiencies mentioned above in the acid leaching system. Consequently, the ammonia leaching system is suitable for treating low-grade complicated zinc-containing resources.
In this research, the extraction of zinc from the blast furnace dust in the ammonia leaching system containing different leaching agents (NH 3 , (NH 4 ) 3 AC, (NH 4 ) 2 CO 3 , (NH 4 ) 2 SO 4 , NH 4 Cl) was investigated. Meanwhile, the effects of different total ammonia concentrations, ammonia/ ammonium ratios, solid-liquid ratios, stirring speeds, and leaching temperatures on the extraction efficiencies of zinc were studied. These results can assist in the development of hydrometallurgical processes for treating blast furnace dust.
Materials and methods

Experimental material
The blast furnace dust used in this study was from a steel plant in Hunan Province of China, and its chemical composition was shown in Table 1 . The zinc content in the dust is as low as 4.23%, and the other main components are oxygen, iron, and carbon.
The X-ray diffraction (XRD) pattern of the dust is displayed in Figure 1 , which shows that the samples used in this work mainly consist of ZnO, Fe 3 O 4 , Fe 2 O 3 , FeO, SiO 2 , and CaMgSi 2 O 6 .
The Scanning electron microscopy (SEM-XL30ESEM-TMP, Philips Company, Holland) equipped energy dispersive spectroscopy (EDS-GENESIS, EDAX Company, USA) of the blast furnace dust, shown in Figure 2 , were taken to investigate the particle size and the element distribution. Three typical particles were selected to analyze the elements distribution in the dust. Figure 2B (EDS spectrum of point 1 as shown in Figure 2A ) shows that Zn, Fe, O, Si, K, and some other metal elements are mutually embedded in the light gray particles. Figure 2C (EDS spectrum of point 2 as shown in Figure 2A ) reveals that the regions enriched with iron contain high concentrations of silica and significant amounts of alkaline gangue (Ca) in black particles. From Figure 2D (EDS spectrum of point 3 as shown in Figure 2A ), it can be found that Zn, O, and Fe coexist in the dark gray particles. In short, zinc mainly remains in light gray particles and dark gray particles.
Experimental methods
The ammonium salts and ammonia are of reagent grade (Tianjin Fengchuan Chemical Reagent Co., Ltd., China). Experiments dust. The zinc leaching efficiency increased sharply with the increase of leaching time from 0 min to 60 min, but it changed slowly when the leaching time exceeded 60 min. Therefore, the leaching time of 60 min is chosen as invariable parameter in the follow-up experiments. Overall, are conducted in a 1000-ml closed glass reactor equipped with a mechanical stirrer, and the schematic diagram of the leaching system is presented in Figure 3 . The following parameters of the leaching experiments that can affect the leaching process were studied: temperature, reaction time, stirring speed, solid-liquid ratio, total ammonia concentration, and ammonia/ammonium ratio. After the leaching experiment, zinc concentration was determined by EDTA titrimetric method, and the leaching recovery of zinc (η Zn ,%) was calculated according to Eq. (1).
where C Zn , V, m, and * Zn C represent the Zn concentration of leaching solution (g/l), the leaching volume (l), the mass of the blast furnace dust (g), and the Zn content of the blast furnace dust (%).
Results and discussion
Zinc extraction using different ammonium salts
The effects of different leaching agents on the extraction efficiencies of zinc were studied under the following conditions: total ammonia concentration of 5 mol/l, temperature of 35°C, reaction time of 2.5 h, stirring speed of 350 rpm, solid-liquid ratio of 1:3, and ammonia/ ammonium ratio of 1:1. The detailed information of the leaching solution is displayed in Table 2 . The extraction efficiencies of zinc from the dust in the different solutions displayed in Table 2 were shown in Figure 4 . The results show that the kinds of leaching agents have different impacts on the zinc leaching rates of Table 2 for different durations. the extraction efficiencies of zinc ranged from 31.92% to 80.21% in 60 min. The results showed that the extraction efficiency of zinc in the ammonium chloride system (solution no. 1 as shown in Table 2 ) is higher than that obtained in the other leaching systems (75.32% in ammonium sulphate system, 72.52% in ammonium carbonate system, 65.99% in ammonium citrate system, and 31.92% in ammonia system). The dissolution of zinc oxide (ZnO) in the alkaline system can be represented by Eq. (2) and Eq. (3).
However, chloride ions play an important role in the complexing reaction with zinc ions [as shown in Eq. (4)], and this is the main reason for the highest extraction efficiency of zinc in the NH 3 -NH 4 Cl-H 2 O system.
By the consumption of carboxylate anion in Eq. (5), the concentration of the anion decreases and shifts the equilibrium balance to the right, facilitating further dissociation. In Figure 4 , it can be found that ammonium citrate is also capable of high levels of zinc extraction efficiency (65.99%) compared with ammonium hydroxide (31.92%).
The enhanced leaching mechanism of the dust in different leaching systems was analyzed using X-ray diffraction (XRD), as shown in Figure 5 . We found that the peaks of zinc oxide almost disappeared in ammonium chloride, ammonium sulphate, and ammonium carbonate containing leaching solutions, which means that the zinc oxide was almost completely leached. However, the leaching of zinc oxide was incomplete in the NH 3 -(NH 4 ) 3 AC-H 2 O and NH 3 -H 2 O system.
Zinc extraction using ammonium sulfate
It is known that the extraction efficiency of zinc in the ammonium chloride-containing system is higher than that in any other leaching agents. However, chloride ions can interact with most metal ions, introducing metal ion impurities into the solution, thereby increasing the difficulty in purification [14] . Furthermore, chloride ions can corrode equipment easily. However, ammonium sulphate does not suffer from the problems encountered in ammonia/ammonium chloride system. It was found that the leaching rate of zinc in the NH 3 -(NH 4 ) 2 SO 4 -H 2 O system is also high, 75.32%; as a result, the NH 3 -(NH 4 ) 2 SO 4 -H 2 O system will be used for the leaching of zinc from the dust in the following experiments.
Effects of the total ammonia concentration
The total ammonia concentrations on the leaching efficiencies of zinc were evaluated under the following leach conditions: ammonia/ammonium ratio of 1:1, leaching temperature of 35°C, stirring speed of 350 rpm, solid-liquid ratio of 1:5, and leach time of 60 min. The extraction efficiencies of zinc under different total ammonia concentrations from the dust are displayed in Figure 6 , which shows that zinc recovery increased with the rise of the total ammonia concentrations. The total ammonia concentration showed the strong enhanced effect on the zinc recovery from the dust. The zinc recovery was as high as 85.94%, whereas the total ammonia concentration was 5 mol/l. However, the zinc recovery did not increase significantly with the increase of the total ammonia concentration from 5 mol/l to 7 mol/l. Thus, the total ammonia concentration will be set to 5 mol/l in the follow-up experiments.
Effects of the ammonia/ammonium ratio
The influence of ammonia/ammonium ratio on the extraction of zinc from the dust was investigated under the following conditions: temperature of 35°C, stirring speed set
Effects of the solid-liquid ratio
Choosing an appropriate liquid-solid ratio is important in enhancing the leaching process of the dust, and the effects of the liquid-solid ratio on the leaching efficiencies of zinc were evaluated under the following conditions: leaching temperature of 35°C, reaction time of 60 min, stirring speed of 350 rpm, ammonia/ammonium ratio of 1:1, and total ammonia concentration of 5 mol/l. The results are shown in Figure 8 , which shows that the zinc leaching efficiency increased obviously from 75.32% to 85.94% with the increase of liquid-solid ratio from 3:1 to 5:1. The zinc leaching recovery changed slowly while the liquidsolid ratio exceeded 5:1; therefore, the liquid-solid ratio of 5:1 was chosen as invariable parameter in the follow-up experiments.
Effects of the stirring speed
Based on the experiments above, the effects of the stirring speed on the extraction efficiencies of zinc from the dust were studied, and the conditions employed were as follows: ammonia/ammonium ratio of 1:1, temperature at 35°C, solid-liquid ratio of 1:5, total ammonia concentration of 5 mol/l, and leach time of 60 min. The results are shown in Figure 9 , which shows that the zinc leaching efficiencies increase significantly from 71.49% to 85. The findings demonstrated that ammonia/ammonium ratio is an important factor that can influence the leaching process, and the ammonia/ammonium ratio will be set to 1:1. dust, thereby increasing the reaction rate and the dissolving process. But the stirring speed cannot destroy adhesion between solid and diffusion layer; as a result, the zinc leaching efficiency cannot substantially be increased when the speed exceeds 350 rpm. The stirring speed should be set to 350 rpm in the follow-up experiments.
Effects of the leaching temperature
An investigation into the influence of the leaching temperature on zinc extraction efficiencies was also performed. The conditions were the same as those shown in Section 3.2.1 except the total ammonium concentration of 5 mol/l and the variational temperatures. The results are shown in Figure 10 , which shows that the extraction efficiencies of zinc increased steadily from 83.6% to 86.48% with the increase of temperature from 25°C to 45°C. Generally, high temperature helps improve the zinc leaching efficiency in general, but temperature exceeding 45°C weakened this leaching process of zinc. We can attribute this phenomenon to the increase of ammonia volatilization caused by the high leaching temperature. Therefore, the leaching temperature should be set to 45°C. Based on the research results above, the extraction efficiency of zinc from the blast furnace dust in the NH 3 -(NH 4 ) 2 SO 4 -H 2 O system could reach 86.48% under the following conditions: total ammonia concentration of 5 mol/l, leaching temperature of 45°C, reaction time of 60 min, stirring speed of 350 rpm, solid-liquid ratio of 1:5, and ammonia/ammonium ratio of 1:1.
Conclusions
The extraction of zinc from the blast furnace dust was investigated, and the following conclusions were drawn.
(1) The different types of leaching agents have a significant effect on the leaching rate of the dust, and the zinc leaching efficiency in the ammonium chloride system is higher than that in any other leaching agents.
(2) In the leaching process of zinc, the effects of the total ammonia concentration, the reaction time, the stirring speed, the solid-liquid ratio, and the ammonia/ ammonium ratio on the leaching rate of zinc in the NH 3 -(NH 4 ) 2 SO 4 -H 2 O system are significant but those of the leaching temperature is not significant. 
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